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Abstract:  
Atmospheric aerosol particles play an important role in global climate change, via direct and 
indirect radiative forcing. Elemental carbon (EC) and nitrate are important contributors to 
anthropogenic aerosol radiative forcing over Europe, since they strongly absorb and/or scatter 
solar radiation, respectively. However, the evaluation of their climate effects remains highly 
uncertain. Improvements on the simulation of particle number/mass size distribution (PSD) in 
modelling will help us to refine model assessments of climate change. The simulations were 
performed over Europe with a fully online-coupled regional air quality model (WRF-Chem) for 
the time period of September 10-20th, 2013. Measurements in the HOPE-Melpitz campaign and 
other datasets in Europe were adopted to evaluate the model uncertainties.  
The meteorological conditions were well reproduced by the simulations. However, a remarkable 
overestimation of coarse mode PSD was found in the simulations. The overestimation was 
mainly contributed by EC, sodium nitrate and sea salt (SSA), stemming from the inadequate 
emission of EC and SSA. The EC inventory overestimates EC point sources in Germany and the 
fractions of coarse mode EC emissions in Eastern Europe and Russia. Allocating too much EC 
emission into the coarse mode could shorten EC lifetime and reduce its long-range transport, 
thus partly (~20-40%) explaining the underestimation of EC in Germany, when air masses came 
from eastern direction in previous studies. Furthermore, WRF-Chem overestimated coarse mode 
SSA mass concentrations by factors of about 8-20 over northwestern and central Europe in this 
study, due to the shortcoming of its emission scheme. This could facilitate the coarse mode 
sodium nitrate formation and lead to ~140% overestimation of coarse mode nitrate. Under such 
circumstances, nitric acid was exhausted, and fine mode ammonium nitrate formation was 
inhibited. The overestimated SSA shaped the PSD of nitrate towards larger sizes, which might 
influence the optical properties, lifetime and climate effect of nitrate accordingly. A transport 
mechanism would broaden the influence of SSA on nitrate PSD to central Europe, where a 
considerable amount of nitrate precursors and ammonium nitrate is present.  
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Referat:  
Atmosphärische Aerosolpartikel können sich direkt und indirekt auf den Strahlungshaushalt der 
Erde auswirken und spielen somit eine wichtige Rolle für das globale Klima. Elementarer 
Kohlenstoff (EC) und Nitrat haben die Eigenschaft Licht stark zu absorbieren beziehungsweise 
zu streuen. Durch ihre hohen Konzentrationen stellen sie in Europa wichtige Faktoren für den 
anthropogenen Strahlungsantrieb dar. Die Unsicherheiten in Bezug auf die Abschätzung ihres 
Klimaeffektes sind jedoch sehr hoch. Eine Verbesserung der Simulation von Partikelgrößen- und 
massenverteilung (PSD) hilft dabei Modellabschätzungen zum Klimawandel zu optimieren. 
Dazu wurden Modellsimulationen mit einem online-gekoppelten regionalen Luftqualitätsmodell 
(WRF-Chem) über Europa für den Zeitraum von 10. bis 20. September 2013 durchgeführt. 
Messungen der HOPE-Melpitz Kampagne und andere Datensätze aus Europa wurden verwendet, 
um die Unsicherheiten des Modells zu bewerten.  
Es zeigte sich, dass die meteorologischen Verhältnisse gut durch das Modell reproduziert werden 
konnten. Jedoch wurde der Grobmod der PSD durch das Modell überschätzt. Hauptsächlich 
trugen EC, Natriumnitrat und Seesalz (SSA) zur Überschätzung bei. Ursache ist die 
unzureichend beschriebene Emission von EC und Seesalz. Das verwendete Emissionskataster 
überschätzt die EC-Quellen in Deutschland sowie den Grobmod des EC in Osteuropa und 
Russland. Dadurch wird dem Grobmod eine zu hohe Emission von EC zugeordnet. Dies könnte 
die Verweildauer des EC verkürzen und damit den großräumigen Transport reduzieren, was 
teilweise (~20-40%) die Unterschätzung des EC in Deutschland bei Ostanströmung, wie sie in 
früheren Studien erwähnt wird, erklären könnte. Des Weiteren wurde wegen des unzureichend 
charakterisierten Emissionsschemas, die Grobmod-Massenkonzentration des Seesalzes über 
Nordwest- und Zentraleuropa durch WRF-Chem um einen Faktor von 8 bis 20 überschätzt. Im 
Grobmod führt dies zu einer erhöhten Bildung von Natriumnitrat und schließlich zu einer 
Überschätzung des Nitrates um ≈ 140%. Dadurch wird Salpetersäure verbraucht, was eine 
Hemmung der Bildung von Ammoniumnitrat im Feinmod nach sich zieht. Die Überschätzung 
von SSA führt zur Verschiebung der Nitratmasse hin zu höheren Partikelgrößen. Dies kann die  
optischen Eigenschaften, die Verweildauer und den Klimaeinfluss von Nitrat beeinflussen. Ein 
Transportmechanismus würde den Einfluss von SSA auf die PSD des Nitrates in Zentraleuropa 
erweitern, wo Ausgangsstoffe des Nitrates und Ammoniumnitrates in hohem Maße vorhanden 
sind. 
  
 
Table of Contents 
List of Figures ................................................................................................................................. I 
List of Tables ................................................................................................................................... I 
Abbreviations ................................................................................................................................. II 
1. Introduction ............................................................................................................................... 1 
1.1 Particle size distribution ..................................................................................................................... 2 
1.2 Elemental carbon particle size distribution simulation ...................................................................... 5 
1.3 Chemical pathways for particulate nitrate .......................................................................................... 7 
1.4 Influence of sea salt on nitrate particle mass size distribution ........................................................... 8 
1.5 Objectives ........................................................................................................................................... 9 
2. Methodology ............................................................................................................................ 11 
2.1. WRF-Chem model .......................................................................................................................... 11 
2.1.1. General description ................................................................................................................... 11 
2.1.2. Model configuration ................................................................................................................. 12 
2.1.3 Anthropogenic source emissions ............................................................................................... 16 
2.1.4 Natural source emissions ........................................................................................................... 17 
2.2 HOPE-Melpitz campaign ................................................................................................................. 17 
2.3 GUAN network over Germany ........................................................................................................ 19 
2.4 Other datasets ................................................................................................................................... 20 
3. Results and Discussion ............................................................................................................ 21 
3.1 First publication ................................................................................................................................ 21 
3.1.1 Evaluation of the size segregation of elemental carbon (EC) emission in Europe: influence on 
the simulation of EC long-range transportation ................................................................................. 21 
3.1.2   Supporting information ........................................................................................................... 35 
3.2 Second publication ........................................................................................................................... 39 
3.2.1 Sea salt emission, transport and influence on size-segregated nitrate simulation: a case study in 
northwestern Europe by WRF-Chem ................................................................................................. 39 
3.2.2   Supporting information ........................................................................................................... 57 
4. Summary and Conclusions ..................................................................................................... 64 
5. Outlook ..................................................................................................................................... 68 
Appendix A .................................................................................................................................. 69 
Bibliography ................................................................................................................................ 70 
Acknowledgements 
 
 I 
 
List of Figures 
 
Figure 1. The size-resolved particle mass light extinction efficiency. The results are integrated 
over a typical solar spectrum. The solid and dashed black line indicates the result of 
particles with complex refractive index of 1.5-0.005i and 1.37-0.001i. Available at: 
https://www.ipcc.ch/ipccreports/tar/wg1/fig5-1.htm. (Last access: 10 May  2016) ….2 
Figure 2. Size segregated mass concentration of particle compositions observed at Bologna, 
Italy. OM: organic matter; unacc.: the remaining unaccounted mass fraction; min. 
dust: mineral dust; nnsSO4: non-sea-salt sulfate. Source: Putaud et al., (2004). …….6 
Figure 3. Schematic diagram of the scientific questions………………………………………..10 
Figure 4. Setup of domains in WRF-Chem……………………………………………………..13 
Figure 5. Observation sites of the GUAN network. Source: Birmili et al. (2016)……………...19 
Figure 6. Aerosol mass residential rate in relation to the transport time and lifetime. Source: 
Chen et al. (2016a)…………………………………………………………………...65 
Figure 7. Schematic of sea salt transportation and its influence on coarse mode nitrate formation 
and nitrate particle mass size distribution. Source: Chen et al. (2016b)……………..67 
 
 
 
List of Tables 
 
Table 1. Configurations of WRF-Chem…………………………………………….……..……14 
Table 2. Comparison between EMEP and TNO emission inventory of Germany …….….........16 
 
  
 II 
 
Abbreviations 
 
ACTRIS  Aerosols, Clouds, and Trace gases Research InfrastraStructure Network 
AERONET  Aerosol Robotic Network 
AOD   Aerosol Optical Depth 
APS   Aerodynamic Particle Size spectrometer 
AQMEII  Air Quality Model Evaluation International Initiative project 
ARW   Advanced Research Weather Research and Forecasting model  
BC   Black Carbon 
CBMZ   The Carbon-Bond Mechanism version Z 
CCN   Cloud Condensation Nuclei 
CIT   California Institute of Technology model 
COSMO  Consortium for Small-scale Modeling model 
DMA   Differential Mobility Analyzer 
DRF   Direct Radiative Forcing 
EC   Elemental Carbon 
ECc   Coarse mode Elemental Carbon 
EEA   European Environment Agency 
EMEP   European Monitoring and Evaluation Programme 
EPA   Environmental Protection Agency, United States 
EUCAARI  European Integrated project on Aerosol, Cloud, Climate and Air  
   Quality Interactions  
FINN   Fire Inventory from National Center of Atmospheric Research 
FNL   Final Operational Global Analysis 
GATOR  Gas, Aerosol, TranspOrt, Radiation model 
GUAN  German Ultrafine Aerosol Network 
GO03   the sea salt emission parameterization according to Gong (2003) 
 III 
 
HOPE   HD(CP)2 Observational Prototype Experiment 
IMPACT  Integrated Massively Parallel Atmospheric Chemical Transport model 
IPCC    Intergovernmental Panel on Climate Change 
IRF    Indirect Radiative Forcing 
MAAP  Multi-Angle Absorption Photometers 
MAC   Mass Absorption Cross-section 
MADE  Modal Aerosol Dynamics model for Europe 
MADE-IN  Modal Aerosol Dynamics model including Insoluble Modes 
MAM   A Modal Aerosol Model 
MARGA  Monitor for AeRosols and Gases in ambient Air system 
MEGAN  Model of Emissions of Gases and Aerosols from Nature 
MOSAIC  MOdel for Simulating Aerosol Interactions and Chemistry 
MOZART  Model for Ozone and Related chemical Tracers 
MUSCAT  Multi-Scale Chemistry Aerosol Transport model 
NCAR   National Center of Atmospheric Research 
NCEP   National Center for Environmental Prediction 
NMM   Non-hydrostatic Mesoscale Model 
NMVOCs  non-methane volatile organic compounds 
OC   Organic Carbon 
RACM  Regional Atmospheric Chemistry Mechanism 
RADM2  The second generation Regional Acid Deposition Model 
PBL   Planetary Boundary Layer 
PM   Particulate Matter 
PM10   Particulate Matter with an aerodynamic diameter less than 10 µm 
PM2.5   Particulate Matter with an aerodynamic diameter less than 2.5 µm 
PM1   Particulate Matter with an aerodynamic diameter less than 1 µm 
PMSD   Particle Mass Size Distribution 
 IV 
 
 
PNSD   Particle Number Size Distribution 
PSD   Particle number/mass Size Distribution 
SAPRC99  Statewide Air Pollution Research Center chemical mechanism 
SMPS   Scanning Mobility Particle Sizer spectrometer 
SNAP   Selected Nomenclature of Air Pollution 
SORGAM  Secondary ORGanic Aerosol Model 
SSA   Sea Salt Aerosol 
SST   Sea Surface Temperature 
TROPOS  Leibniz Institute for Tropospheric Research 
UAM-AERO  Urban Airshed Model with Aerosols 
UAM-AIM  Urban Airshed Model with Aerosol Inorganics Model 
UCM   Urban canopy model 
WRF-Chem  Weather Research and Forecasting model coupled with Chemistry 
WMO-GAW  World Meteorological Organization – Global Atmospheric Watch 
YSU   Yonsei University 
 
 
 
 
 
 
 
 
 
 
  
 
  
Introduction 
 
1 
 
1. Introduction  
Atmospheric aerosol particles play an important role in global climate, via direct radiative 
forcing (DRF, light scattering and absorption) and indirect radiative forcing (IRF, participating 
in cloud processes). However, aerosol radiative forcing still has the highest uncertainty among 
all climate change agents according to the recent Intergovernmental Panel on Climate Change 
(IPCC) assessment (IPCC AR5, 2013), with a wide range of -0.77 to +0.23 W/m2 and -1.33 to -
0.06 W/m2 for DRF and IRF, respectively. The particle number/mass size distribution (PSD) is a 
key parameter that determines both direct and indirect radiative forcing of aerosol particles 
(IPCC AR5, 2013; Shiraiwa et al., 2013; Zhang et al., 2010a; Aquila et al., 2011).  
The optical properties of an aerosol particle are strongly related to its size. As illustrated in Fig. 1, 
fine mode particles usually have larger mass extinction efficiency than the coarse mode particles 
(IPCC AR5, 2013; Seinfield and Pandis, 2006). For example, the mass extinction efficiency of a 
particle with a diameter of 600 nm is about 10-15 times higher than that of 6 µm, therefore it has 
a more important effect in direct radiative forcing. In the polluted urban atmosphere, fine mode 
particles are responsible for more than 90% of the total scattering coefficient (Seinfield and 
Pandis, 2006). Aerosol particles have both a warming and a cooling effect in climate change. 
Within all anthropogenic aerosol chemical compounds, black carbon (BC, Bond et al., 2013) and 
nitrate (Schaap et al., 2002; Schaap et al., 2007) play the most important roles in climate 
warming and cooling over Europe, respectively. This is due to the considerable burden of BC 
(Bond et al., 2013) and nitrate (Schaap et al., 2002) over Europe (Putaud et al., 2004; see also 
Fig. 2), as well as the strong ability of BC for absorbing and nitrate for scattering solar radiation. 
Therefore, aiming to improve the evaluation of anthropogenic aerosol radiative forcing over 
Europe, a key question is to improve the PSD simulations of BC and nitrate in current modelling 
studies.  
In addition, the particle size also influences its hygroscopic growth and ability as cloud 
condensation nuclei (CCN) significantly (Köhler, 1936). Therefore, the IRF of aerosol particles 
are not only determined by aerosol chemical properties, but also strongly related to the PSD 
(IPCC AR5, 2013; Zhang et al., 2010a). Moreover, fine particles have a longer lifetime than 
coarse particles (Petzold and Kärcher, 2012; Croft et al., 2014; IPCC AR5, 2013) and therefore 
have higher chances to accumulate in the atmosphere, participate in long-range transport, and 
contribute to the global-scale climate forcing (Foret et al., 2006). 
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Furthermore, the PSD is also crucial for the health effect of particles. Several studies have shown 
a strong relation between human health effects (e.g., mortality rate, lung and heart diseases, 
diabetes, etc.) and fine particles in European cities (e.g., Timonen et al., 2004; Rosenthal et al., 
2011; Meister et al., 2012).  Fine particles are easily inhaled deep into the lungs where they can 
remain embedded for long periods of time (U.S. EPA, 1996). Therefore, fine particles are 
especially harmful to people with lung diseases such as chronic obstructive pulmonary disease 
and asthma (Zanobetti et al., 2000). Even worse, a recent study reported that nano-particles can 
be transported directly into the brain and pose a hazard to human health (Maher et al., 2016).  
 
Figure 1. The size-resolved particle mass light extinction efficiency. The results are integrated 
over a typical solar spectrum. The solid and dashed black line indicates the result of particles 
with complex refractive index of 1.5-0.005i and 1.37-0.001i.  
Available at: https://www.ipcc.ch/ipccreports/tar/wg1/fig5-1.htm (last access: May 10, 2016) 
1.1 Particle size distribution 
The diameter of aerosol particles covers a wide range from 10-3 μm to 100 μm. The size 
distribution of the aerosol population varies strongly in space and time (e.g., Zhang et al., 2010a). 
In 1976, Knutson (1976) firstly presented submicron PSD measurements with a Differential 
Mobility Analyzer (DMA). Later that year, TSI Inc. (USA) introduced a commercial DMA 
(model 3071). Since then measurements of PSD have been performed all over the world (e.g., 
Wang et al., 2013; Birmili et al., 2001; Birmili et al., 2016). Based on field measurements, 
Whitby (1978) introduced a classical trimodal model consisting of three additive log-normal 
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modes to describe the PSD in the atmosphere, including Aitken mode (10 to 100 nm), 
accumulation mode (100 nm to 1-2 μm) and coarse mode (1-2 μm to 100 μm). In the past twenty 
years, the simulation of PSD has commonly been developed in fully online-coupled 3-D 
atmospheric models (e.g., Ackermann et al., 1998; Zhang et al., 2010a; Zhang et al., 2010b; 
Aquila et al., 2011). Two major approaches are currently used to represent the PSD in the 3-D 
atmospheric models: the sectional approach and the modal approach (Zhang et al., 2010a).  
In the sectional approach, the PSD is approximated by a discrete number of size sections 
(Gelbard and Seinfeld 1980; Gelbard et al. 1980). This discretization can be conducted based on 
number, surface area, or volume/mass, depending on the particle property of interest (Zhang et 
al., 1999). The sectional representation is used in many air quality models. For example, UAM-
AIM (Urban Airshed Model with Aerosol Inorganics Model), GATOR (Gas, Aerosol, 
TranspOrt, Radiation Model), UAM-AERO (Urban Airshed Model with AEROsols), CIT 
(California Institute of Technology Model), WRF-Chem (Weather Research and 
Forecasting model coupled with Chemistry; with MOSAIC aerosol module: MOdel for 
Simulating Aerosol Interactions and Chemistry), etc.  
The modal technique represents the aerosol as multiple, independent populations of aerosol 
particles, called modes (Whitby and McMurry, 1997). The aerosol within each mode is 
represented by a separate mode size distribution function, generally a log-normal distribution 
(Zhang et al., 1999; Whitby and McMurry, 1997). The modal approach is also commonly used in 
many models. For example, EMEP (air pollutants model of European Monitoring and 
Evaluation Programme), IMPACT (Integrated Massively Parallel Atmospheric Chemical 
Transport Model), COSMO-MUSCAT (Consortium for Small-scale Modeling and Multi-Scale 
Chemistry Aerosol Transport), WRF-Chem (with MADE-SORGAM aerosol module: Modal 
Aerosol Dynamics Model for Europe with Secondary ORGanic Aerosol Model), etc.  
The sectional approach is usually more computationally intensive than the modal approach and 
its accuracy is dependent on the number of sections used to discretize the size distribution 
(Whitby and McMurry, 1997; Zhang et al., 1999; Textor et al., 2006; Foret et al., 2006; Zhang et 
al., 2010a). Foret et al. (2006) reported that at least eight isogradient size bins are necessary for a 
reasonable size distribution simulation. The accuracy of the modal approach is dependent on the 
degree to which the size distribution functions represent the actual size distribution (Whitby and 
McMurry, 1997). The uncertainties of the simulated PSD can stem from primary emissions of 
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particles, secondary formation processes, transport, deposition, coagulation and nucleation 
(Zhang et al., 1999; Aquila et al., 2011). The simulation of the PSD is very challenging and still 
has very high uncertainties (Aquila et al., 2011; Textor et al., 2006). For example, Textor et al. 
(2006) compared the particle sizes simulated by 13 different aerosol models, and reported very 
high uncertainties of the modelled PSD. The mass fractions of fine particles were in a range of 
about 15-73%, with a standard deviation of 55% (Textor et al., 2006). Zhang et al. (2010a) 
compared PSD results of three models, which represented PSD by a modal approach, with 
ground measurements (10-800 nm) over Europe (Van Dingenen et al., 2004). In Zhang et al. 
(2010a), although the characteristic shape of the distribution patterns were reasonably 
reproduced, the uncertainties of PSD simulations over Europe were at least a factor of 2, and can 
reach up to an order of magnitude. Later, Aquila et al. (2011) proposed a modal approach aerosol 
module (MADE-IN: Modal Aerosol Dynamics model including INsoluble modes), incorporated 
it into an atmospheric chemistry global model, and compared the PSD results with ground 
measurements (10-800 nm) over Europe (Van Dingenen et al., 2004). Similar to Zhang et al. 
(2010a), uncertainties up to 1-2 orders of magnitudes can still be observed, although the 
distribution pattern of fine mode can be captured by the model.  
Improving the simulation of the PSD could help to improve the evaluation of the radiative 
forcing, and thus refine the model assessments of climate change (Aquila et al., 2011). Field 
campaign measurements are highly valuable for evaluating the uncertainties of PSD simulations. 
The HOPE-Melpitz (HD(CP)2 Observational Prototype Experiment at Melpitz) campaign 
(September 10-20th, 2013) provided extensive measurements regarding size-resolved particle 
microphysical and chemical properties. This dataset was used in this thesis to address the 
uncertainties of PSD simulations by the state-of-the-art fully online-coupled model WRF-Chem. 
WRF-Chem simulates the emission, transport, mixing, and chemical transformation of trace 
gases and aerosols simultaneously with the meteorology. WRF-Chem is one of the most 
commonly used models for the investigation of regional-scale air quality, field program analysis, 
and cloud-scale interactions between clouds and chemistry, in the Continental US (e.g., Grell et 
al., 2011; Ntelekos et al., 2009), China (e.g., Chen et al., 2009; Cheng et al., 2016; Zheng et al., 
2015) as well as in Europe (e.g., Tuccella et al., 2012; Archer-Nicholls et al, 2014; Nordmann et 
al., 2014). In this study, the PSD in WRF-Chem is represented in detail by a sophisticated 
sectional approach (MOSAIC, Zaveri et al., 2008), which specially focuses on gas-particle 
partitioning on size distributed particles with a fully dynamic mass transfer approach (Zaveri et 
al., 2008). The German Ultrafine Aerosol Network (GUAN), which provides the BC online 
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measurements over Germany, will also be used for model validation. More details of the HOPE-
Melpitz campaign, the WRF-Chem model, the GUAN network and other used datasets in this 
thesis will be given in Chapter-2. 
1.2 Elemental carbon particle size distribution simulation 
Elemental carbon (EC) is defined as the refractory fraction of soot particles that remain stable at 
high temperatures, as opposed to organic carbon (OC). BC accounts for the light absorbing 
components of soot particles (Nordmann et al., 2013). The soot particles, measured with 
photometric methods based on the change in light transmittance through a particle laden filter 
medium, are defined as BC. However, in modelling studies and emission inventories, EC can be 
used as the best approximation of BC (Nordmann et al., 2013; Nordmann et al., 2014; Denier 
van der Gon et al., 2015). A previous study reported that the measured EC and BC are highly 
correlated over Germany, with R2 often better than 0.9 (Nordmann et al., 2013). 
EC/BC is characterized by its strong absorbing/warming effect (Hansen et al., 2000; Jacobson et 
al., 2000; Cheng et al., 2012; Bond et al., 2013). EC is the second strongest contributor to current 
global warming with a total radiative forcing of about +1.1 W/m2, just after carbon dioxide 
(Bond et al., 2007; Ramanathan and Carmichael, 2008). As mentioned above, the radiative 
forcing of EC is strongly related to its PSD. Hence, the accuracy of the PSD simulation of EC 
can have a significant influence on the assessments of the aerosol warming effect. Uncertainties 
of EC emission can strongly impact its PSD simulation. 
EC particles are exclusively from primary emissions. Globally, biomass burning (40 %), fossil 
fuel combustion (40 %) and biofuel combustion (20 %) are the major sources of EC emissions 
(Ramanathan and Carmichael, 2008). Although EC is a crucial contributor to climate warming, 
its emission inventory is significantly uncertain (Denier van der Gon et al., 2015). The European 
Environment Agency report (EEA, 2013) indicated that it was almost impossible to evaluate the 
overall uncertainty at European level. The uncertainty of EC emissions is at least ±50% on 
global scales, and a factor of 2 to 5 on a regional scale (Ramanathan and Carmichael, 2008).  
In addition to the high uncertainties of EC emission rates in the inventories, modelling studies 
investigating the PSD of emitted EC are rare and limited. Global emission inventories of EC 
have been published (e.g., Bond et al., 2004; Lamarque et al., 2010; Streets et al., 2004; Wang et 
al., 2014) without size segregation information. An emission inventory for UNECE-Europe of 
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EC (EUCAARI 42-Pan-European Carbonaceous aerosol inventory) has been published with a 
high resolution (1/8o × 1/16o, about 7 × 7 km) and separated size mode (PM1, PM1–2.5 and PM2.5–
10; PM: particulate matter) (Visschedijk and Denier van der Gon, 2008). How well does this 
EUCAARI inventory represent European EC emissions and especially its size-segregation? This 
question needs to be answered by modelling validation using in-situ measurements.  
 
Figure 2. Size segregated mass concentration of particle compositions observed at Bologna, 
Italy. OM: organic matter; unacc.: the remaining unaccounted mass fraction; min. dust: 
mineral dust; nnsSO4: non-sea-salt sulfate. Source: Putaud et al., (2004).  
The uncertainties of allocating EC emissions in different modes can influence the modelled PSD 
of EC, and thus can exert a strong influence on its transport. The PSD of EC is crucial for 
climate change not only due to its influence on the optical properties, but also due to the 
influence on the long-range transport and deposition of EC particles. Long-range transport of EC 
particles to remote areas and the deposition on ice could contribute to the glacier melting in the 
Himalayan (Ming et al., 2008) and Arctic regions (McConnell et al., 2007; Ramanathan and 
Carmichael, 2008). This can change the surface albedo and hence the absorption of solar 
radiation, and thus causes positive climate forcing. Despite the importance of the PSD of EC, 
related studies are rare and limited. Rose et al. (2006) reported that the EC particles freshly 
emitted from incomplete combustion have sizes around 100 nm. Several field measurement 
studies reported that about 80-95% EC should be presented as fine particles over Europe 
(Spindler et al., 2013; Reddington et al., 2013; Hitzenberger et al., 2006; Hitzenberger et al., 
2001; Putaud et al., 2004; see Fig. 2). Many modelling studies have evaluated EC emission 
inventories and its transport in Europe, however, without considering its PSD and the influence 
on its transport. Koch et al. (2009) evaluated 17 global models and found out that 13 of 17 
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models overestimate EC in Europe. Stern et al. (2008) compared five model results with 
observations from northern Germany, and none of the models could reproduce the high EC 
concentration at the central Europe background station Melpitz. Nordmann et al. (2014) reported 
that the EUCAARI inventory may underestimate the Eastern European EC emission by a factor 
of 2, resulting in the underestimation of EC in Germany. However, the size segregation 
uncertainty of EC emission and the influence on its transport was not considered in these studies.  
Evaluating the EC emission inventory and its size-segregation over Europe is one sub-topic of 
the present thesis. The further influence on long-range transport of EC particles will also be 
investigated in the present work.   
1.3 Chemical pathways for particulate nitrate 
Nitrate is one of the most important anthropogenic aerosol components that scatters solar 
radiation and exhibits a considerable cooling effect in climate change, just following sulfate on a 
global scale (IPCC AR5, 2013). The DRF of nitrate is about -0.11 W/m2, with a wide range from 
-0.03 to -0.3 W/m2 (IPCC AR5, 2013; Adams et al., 2001; Bauer et al., 2007; Jacobson, 2001; 
Liao and Seinfeld, 2005; Myhre et al., 2013; Streets et al., 2013; van Dorland et al., 1997; Xu 
and Penner, 2012). Especially in western and central Europe, nitrate is the dominant component 
and may be a more important contributor to aerosol burden than sulfate (Schaap et al., 2002; 
Schaap et al., 2007; Schaap et al., 2011; Putaud et al., 2004; see also Fig. 2). Therefore, a 
reduction of uncertainties of nitrate particle mass size distribution simulation can significantly 
improve the evaluation of its cooling effect, especially over Europe. The particulate nitrate has 
different major chemical pathways in fine and coarse modes.  
Particulate nitrate is mainly secondarily formed by neutralization of gas-phase nitric acid. 
Ammonia is one of the main precursors of particulate nitrate. It can neutralize nitric acid to form 
the semi-volatile ammonium nitrate. Ammonium nitrate is mainly present in the accumulation 
mode (Schaap et al, 2011), which is a part of fine particles. This is because the accumulation 
mode particles facilitate the gas-particle partitioning processes of ammonium nitrate due to the 
dominance over particle surface area concentration (Jacobson, 2002). In western and central 
Europe, particulate nitrate is mainly present as ammonium nitrate in fine mode (ten Brink et al., 
1997; Schaap et al., 2002). 
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Nitric acid can also be neutralized by sea salt (sodium chloride) with the depletion of chloride.  
The heterogeneous reaction of nitric acid on the surface of sea salt aerosol (SSA) promotes the 
formation of sodium nitrate in the coarse mode, which dominates particulate nitrate formation in 
northern and southern Europe (Pakkanen et al., 1999; Putaud et al., 2004). However, SSA has 
the largest uncertainty among all aerosols (Grythe et al., 2014). No emission scheme of sea salt 
is recommended according to IPCC AR5 (2013). One of the commonly used parameterization 
schemes of SSA emissions (Gong, 2003; Monahan et al., 1986; hereafter GO03), which is 
incorporated in WRF-Chem, may largely overestimate the emission of SSA (Neumann et al., 
2016a and 2016b; Nordmann et al., 2014; Archer-Nicholls et al., 2014; Zhang et al., 2013; Saide 
et al., 2012; Saide et al., 2013; de Leeuw et al., 2011). Saide et al. (2012) demonstrated that 
GO03 overestimated SSA by a factor of 10 for sub-micron particles and a factor of 2 for super-
microns in the southeast Pacific Ocean. Jaeglé et al. (2011) found that GO03 overestimated the 
coarse mode SSA mass concentrations by factors of 2–3 at high wind speeds over the cold 
waters of the South Pacific, North Pacific and North Atlantic Oceans. Other studies also 
indicated an overestimation of SSA emissions to varying degrees (Zhang et al., 2013; de Leeuw 
et al., 2011; Yang et al., 2011; Neumann et al., 2016b). Inaccurate SSA emissions may lead to 
the uncertainties of coarse mode nitrate simulation. 
In this study, the GO03 scheme is adopted into WRF-Chem to describe the SSA emission. The 
influence of the inadequate SSA emission scheme (GO03) on the nitrate formation modelling 
and to what extent will this influence be spread over Europe will be explored in this thesis.  
1.4 Influence of sea salt on nitrate particle mass size distribution 
The overestimation of sea salt due to its emission scheme could promote the formation of 
sodium nitrate in coarse mode, by consuming nitric acid. This was discussed in recent modelling 
studies (Neumann et al., 2016a; Liu et al., 2015; Im, 2013; Athanasopoulou et al., 2008). 
However, these previous studies mainly focused on the influence of sea salt on bulk nitrate mass 
concentration, but not enough on nitrate particle mass size distribution. 
Sodium nitrate, which is thermodynamically stable, will not transfer to the gas-phase nitric acid 
(Schaap et al., 2011). However, a gas-particle equilibrium exists between ammonium nitrate and 
its gas-phase precursors (ammonia and nitric acid). This equilibrium is built up with dependence 
on ambient conditions and precursor concentrations (Schaap et al., 2011), therefore, would be 
altered through the consumption of nitric acid in the formation of sodium nitrate on the surface 
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of coarse mode sea salt. As illustrated in Fig. 3, the equilibrium will be pushed towards gas-
phase precursors, and then nitric acid will be further consumed by the overestimated sea salt. 
Eventually, the simulated nitrate particle mass size distribution is expected to shift towards larger 
sizes due to the overestimation of sea salt.  
The mechanism of modifying nitrate particle mass size distribution due to sea salt is important, 
because the lifetime and optical properties of particulate nitrate, and nitrogen cycle will be 
changed accordingly. In the present thesis, the influence of sea salt on nitrate particle mass size 
distribution will be quantitatively analyzed. Though the effect of this mechanism may be thought 
only to be significant in the coast areas where sea salt is abundant, it is of interest to investigate 
the effect of this mechanism in the central Europe, where a considerable amount of NOx and 
ammonium nitrate is present. 
1.5 Objectives 
The overall objective of the present dissertation is to determine the gaps between the simulated 
and measured PSD, for the purpose of reducing those gaps. Summarizing the above mentioned 
topics, this thesis can be divided into three main scientific questions (Fig. 3): 
Q1: Is the size distribution/segregation of EC (absorbing aerosol) well represented by the WRF-
Chem model over Europe? What are the reasons for the uncertainties? (First publication) 
Q2: Is the chemical pathway of nitrate (scattering aerosol) well represented by the WRF-Chem 
model over Europe? What are the main reasons for the uncertainties?   (Second publication) 
Q3: How can natural source particles (sea salt) influence the simulated anthropogenic nitrate 
particle mass size distribution? How wide can the influence of sea salt on nitrate particle 
mass size distribution be spread over Europe?  (Second publication) 
In general, these investigations will help to deepen the understanding on the importance of 
particle number/mass size distribution. EC and nitrate are the most important absorbing and 
scattering aerosols over Europe, respectively. The uncertainties of the modelled PSD of EC and 
its influence on EC transport simulation will be discussed. The influence of sea salt on nitrate 
particle mass size distribution will also be investigated. This work will be helpful to refine 
assessments of regional climate change over Europe in future modelling studies. 
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The present thesis is structured as following. The models and observational datasets are 
described in Chapter-2. The results are presented in Chapter-3, which is the cumulative part of 
my thesis including Chen et al. (2016a and 2016b). The summary and conclusion comprising the 
answers of the above formulated scientific questions are given in Chapter-4. The outlook will 
discuss the implications of this work for future measurement and modelling studies. 
 
 
Figure 3. Schematic diagram of the scientific questions. 
 
NOx 
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2. Methodology 
In this study, 3-D simulations with a widely used fully online-coupled mesoscale model WRF-
Chem (V3.5.1) were performed for Europe by using a high resolution (7 × 7 km) anthropogenic 
emission inventory during the HOPE-Melpitz campaign (September 10-20th, 2013). The HOPE-
Melpitz campaign, the GUAN network over Germany, and the other open accessed datasets were 
adopted to validate the simulations, including meteorological conditions, microphysical and 
chemical properties of size-resolved particles. In this section, the WRF-Chem model and the 
used measurements for validation will be described.  
2.1. WRF-Chem model 
2.1.1. General description 
An adequate modelling of dynamics requires a fully online-coupling between the chemical 
transport model (Chem) and the meteorological model (WRF). Online-coupling means that 
meteorological field and chemical compositions and reactions can influence each other. For 
example, aerosol particles can directly and indirectly influence the radiative transfer and cloud 
formation in the atmosphere. Clouds, in turn, may reduce aerosol concentrations by e.g. wet 
scavenging processes (Chapman et al., 2009). 
The Weather Research and Forecast model (WRF), is a massive parallelized state-of-the-art 
numerical model designed for meteorological research. It is suitable for a broad spectrum of 
applications in simulating atmospheric phenomena of horizontal extents ranging from hundreds 
of meters to thousands of kilometers (Grell et al., 2005). In WRF, the compressible and non-
hydrostatic Euler equations can be integrated with 2 dynamical solvers: (1) ARW (Advanced 
Research WRF, used in the present thesis), which was developed at NCAR (National Center of 
Atmospheric Research, Boulder, Colorado, USA); and (2) NMM (Non-hydrostatic Mesoscale 
Model) which was developed at NCEP (National Center for Environmental Prediction, Camp 
Springs, Maryland, USA). All equations are transformed to the terrain following hydrostatic 
pressure as the vertical coordinate and are horizontally discretized on an arakawa c-grid, which 
means that velocities are staggered about a half grid length to thermodynamic variables. WRF 
offers the opportunity to nest higher resolution domains into a coarser grid. The boundary 
conditions of the inner grid are taken from the coarse grid. There are two possibilities for nesting: 
(1) one-way nesting, which means no feedback of the inner grid to the coarse grid; (2) two-way 
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nesting with the feedback, which was applied in this study. WRF can account for a variety of 
microphysical settings, ranging from simple bulk schemes to more sophisticated schemes 
allowing for mixed phase cloud resolving simulations. Planetary boundary layer physics are 
suitable for turbulent kinetic energy prediction. The surface may consist of several layers 
allowing for a vegetation and soil moisture representation. Also snow cover and sea ice is 
included. The shortwave and longwave radiation field can be calculated for a broad spectral 
region, with respect to clouds, gases and aerosol (Skamarok et al., 2008). More details about 
WRF is given in http://www.wrf-model.org/. 
The chemical transport model (Chem) is modular in design and provided with a rapidly 
expanding choice of gas-phase and aerosol chemical schemes for WRF-Chem. Aerosol modules 
include the GOCART (bulk mass approach, Chin et al., 2000), MADE-SORGAM (modal 
approach, Ackermann et al., 1998; Schell et al., 2001), MAM (modal approach, Liu et al., 2012,), 
and MOSAIC (sectional approach, Zaveri et al., 2008) schemes. The gas-phase schemes include 
RADM2 (Stockwell et al., 1990, 59 species, 157 reactions), RACM (Stockwell et al., 1997, 73 
species, 237 reactions), MOZART (Emmons et al., 2010, 85 species and 196 reactions), 
SAPRC99 (Carter, 2000, 79 species, 235 reactions) and CBMZ (Zaveri and Peters, 1999, 67 
species, 164 reactions).  
As described in the introduction, WRF-Chem has most widely been used for simulation of the 
Continental US and Asia. It is also steadily becoming more widely used in Europe (Archer-
Nicholls et al., 2014): from regional air quality studies (Solazzo et al., 2012a and 2012b; 
Tuccella et al., 2012), to the impact of emissions from mega-cities (Hodnebrog et al., 2011), the 
impact of biomass burning and biogenic emissions on ozone levels (Hodnebrog et al., 2012), the 
impact of the aerosol direct effect on air quality (Forkel et al., 2012), and the evaluation of 
emission inventories (Nordmann et al., 2014). More details and related studies of WRF-Chem 
can be found in https://ruc.noaa.gov/wrf/wrf-chem/ and https://www.acom.ucar.edu/wrf-chem. 
2.1.2. Model configuration 
The simulations were performed for the HOPE (HD(CP)2 Observational Prototype Experiment,  
https://icdc.zmaw.de/hopm.html, Macke et al., 2016) campaign at Melpitz (12.93o E, 51.53o N; 
86 m a.s.l.) during September 10-20th, 2013. In my second publication, three nested domains 
with 39 vertical layers were set up for the simulated case. The outer domain (D01) covers the 
entirety of Europe, a part of the North Sea and North Africa with a spatial resolution of 54 km, 
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providing the boundary conditions for the inner domains (Fig. 4). The second domain (D02) was 
centered at Melpitz and covers part of the North Sea, most part of Europe with a spatial 
resolution of 18 km. The innermost domain (D03) was also centered at Melpitz and had a spatial 
resolution of 6 km. And an extra high resolution domain (D04) was centered at Melpitz with a 
spatial resolution of 2 km, in order to evaluate the EC point sources in my first publication. Final 
(FNL) Operational Global Analysis (http://rda.ucar.edu/datasets/ds083.2/) and NCEP sea surface 
temperature (SST) datasets (http://polar.ncep.noaa.gov/sst), with a spatial resolution of 1 degree 
and a temporal resolution of 6 h, were utilized to drive and force the model meteorological field. 
The spin-up time of the simulations was 2 days. The chemical initial and boundary conditions 
were provided by the MOZART-4 global model with a spatial resolution of 1.9o × 2.5o and a 
temporal resolution of 6 h (http://www.acom.ucar.edu/wrf-chem/mozart.shtml). More details 
about the setups and the parameterizations are given in Table 1. 
 
Figure 4. Setup of domains in WRF-Chem. 
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Table 1. Configurations of WRF-Chem. 
 
In order to represent the properties of size-resolved particles, the fully online-coupled sectional 
aerosol module MOSAIC was used in this study. In MOSAIC, there are eight isogradient (in 
logarithmic scale) discrete size bins (from about 39 nm to 10 μm) of dry particles. Particles are 
assumed to be internally mixed in each bin (Zaveri et al., 2008).  
In MOSAIC, sulfate, methane sulfonate, nitrate, chloride, carbonate, ammonium, sodium, 
calcium, EC, OC and other inorganic material are all treated in each bin. Both particle mass 
concentrations and particle number concentrations are simulated. Since the segregation of 
particles in the size bins is based on the dry diameter, there will be no transfer of particles 
between the bins due to the uptake or loss of water (Zaveri et al., 2008). However, particle 
growth or shrink due to chemical processes (e.g., chemical reaction, uptake/release of trace gases) 
and physical processes (e.g., coagulation) will result in the transfer of particles between the bins 
(Chapman et al., 2009). The formation of secondary organic aerosols is not included in the 
chosen MOSAIC version, but the nucleation of sulfuric acid and water vapor is considered 
(Zaveri et al., 2008; Fast et al., 2006). The heterogeneous reaction of nitric acid on the surface of 
sea salt with the production of sodium nitrate is considered in MOSAIC. For the deliquescent 
aerosol particles at high RH, the ionization equilibrium and the Kelvin effect are also considered 
in MOSAIC. More detailed descriptions are given in Zaveri et al. (2008).  
The Carbon-Bond Mechanism version Z (CBMZ, Zaveri and Peters, 1999; Fast et al., 2006) was 
coupled with MOSAIC and described gas-phase atmospheric chemistry in the present thesis. In 
CBMZ, organic compounds are categorized according to their internal bond types (Fast et al., 
Physics WRF options 
Micro physics (Lin, 1983) scheme 
Boundary layer YSU (Hong, 2006) 
Surface Rapid Update Cycle (RUC) land surface model 
Shortwave radiation Goddard shortwave (Chou, 1998) 
Longwave radiation New Goddard scheme 
Cumulus Grell 3D 
Urban 3-category UCM 
Chemistry and Aerosol Chem options 
Aerosol module MOSAIC with 8 bins 
Gas-phase mechanism CBMZ 
Photolytic rate 
Sea salt emission 
Fast-J photolysis scheme 
Gong (2003) scheme 
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2006; Zaveri and Peters, 1999). The rates for photolytic reactions are calculated with the Fast-J 
scheme (Barnard et al., 2004; Wild et al., 2000).  
Dry and wet deposition of particles is treated in the WRF-Chem model (Binkowski and Shankar, 
1995). The dry deposition of particles is calculated by a resistance approach, including sublayer 
resistance, aerodynamic resistance and surface resistance (Grell et al., 2005). The scavenging 
process of particles was calculated using look-up tables (Nordmann et al., 2014). It is worth 
mentioning that Saide et al. (2012) found that the WRF-Chem model might overestimate wet 
deposition of particles in the regions where drizzle re-evaporates and releases the particles back 
into the atmosphere. And the WRF-Chem model may tend to slightly overestimate the deposition 
of EC particles, due to the treatment of internally mixed (Nordmann et al., 2014).  
The aerosol optical depth (AOD) is online calculated in WRF-Chem model by integrating 
extinction coefficients over all vertical layers, and details are given in Barnard et al. (2010). In 
general, an internal mixture of all chemical constituents is assumed. The bulk refractive indices 
for each particle size bin are obtained by a mixing rule based on volume weighted averaging. 
The aerosol particle optical properties, such as particle extinction and scattering cross sections 
and asymmetry factor, are calculated online by a Mie code according to Ghan et al. (2001).  The 
aerosol optical properties are calculated at 4 wavelengths (0.3, 0.4, 0.6 and 1 µm) and are then 
passed to the radiative transfer model, which is called the Goddard short-wave scheme (Chou et 
al., 1998). In this model, aerosol optical properties are accounted for in 11 spectral bands 
between 0.18 and 10 µm in the ultraviolet, visible and near infrared wavelength region. Since the 
optical properties are only calculated at 4 wavelengths, interpolation and extrapolation is used to 
calculate the optical properties at the aerosol influenced spectral bands. The Goddard short-wave 
scheme also accounts for ultraviolet absorption by ozone and scattering of visible light by gases 
and clouds. In the infrared spectral region, contributions to absorption come from water vapor, 
O2, CO2 and clouds. The transmission and reflection functions for each atmospheric layer are 
then calculated and a 2 stream adding method is applied to derive the fluxes in the atmosphere 
and at the surface (Fast et al., 2006). The changes of radiation fluxes due to aerosol particles may 
have a feedback on the atmospheric physics and the dynamics module in the meteorology 
simulation (e.g., Zhang et al., 2010b). 
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2.1.3 Anthropogenic source emissions 
The inventory of anthropogenic emissions (PM2.5, PM2.5-10, CO, NOx, SO2, NH3 and non-
methane volatile organic compounds - NMVOCs), as well as temporally resolved emission 
factors, was provided by TNO for the AQMEII project (Air Quality Model Evaluation 
International Initiative, Pouliot et al., 2012). The dataset consists of European anthropogenic 
emissions on 1/8o × 1/16o (lon–lat, about 7 × 7 km) grid. The Selected Nomenclature of Air 
Pollution (SNAP) code was used to categorize different source types (e.g., energy transformation, 
industrial combustion, road transport, agriculture), with area and point emissions distinguished. 
This inventory provides similar total German emissions as European Monitoring and Evaluation 
Programme (EMEP) inventory (http://www.ceip.at/), as shown in Table 2. More details about the 
anthropogenic emission inventory are given in related literature (Pouliot et al., 2012; Wolke et 
al., 2012).  
The anthropogenic emissions of EC and OC were taken from the Pan-European Carbonaceous 
aerosol inventory (Visschedijk and Denier van der Gon, 2008), which was developed in the 
framework of the European Integrated project on Aerosol, Cloud, Climate and Air Quality 
Interactions (EUCAARI; Kulmala et al., 2011). The EUCAARI inventory is also provided by 
TNO and has the same spatial resolution and SNAP code categorization as the AQMEII one. The 
comparison between EUCAARI and the Lamarque EC emission (Lamarque et al., 2010) was 
given in Nordmann et al. (2014), which shown that the EUCAARI emissions are around 30% 
higher in eastern European countries: Poland, Czech Republic and Belarus. In EUCAARI, the 
size-segregated EC emission rates in PM1, PM1-2.5 and PM2.5-10 are provided. Sources such as 
power plants are gridded as point sources, and emissions from e.g. traffic or population are 
gridded as line or area sources. However, the point sources of EC in Germany were excluded in 
the study of second publication, because my first publication reported the very high uncertainties 
in the EC point sources. 
Table 2. Comparison between EMEP and TNO emission inventory of Germany.  
[unit: Gg] SO2 CO NOx NH3 PM10 NMVOCs 
EMEP (Germany) 412.298 3082.25 1310.058 680.125 216.21 1130.452 
TNO (Germany) 449.490 3099.76 1245.169 597.325 181.54 1029.718 
(EMEP-TNO)/EMEP -9% -0.6% 5% 12.2% 16% 8.9% 
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2.1.4 Natural source emissions 
The Fire INventory from NCAR (FINN; Wiedinmyer et al., 2011), with the spatial resolution of 
1 km and the temporal resolution of 1 h, was also included. Biogenic emissions were presented 
by the Model of Emissions of Gases and Aerosols from Nature (MEGAN; Guenther et al., 2006). 
Dust emissions were not considered due to the large uncertainty of the dust emission scheme in 
WRF-Chem (Saide et al., 2012). Dust contributed less than 3% to the total particle mass 
concentration at Melpitz during the simulated period, according to filter-based measurements 
(quartz-filter type MK360, Munktell/Ahlstorn, Schweden) with high-volume sampler DIGITEL 
DHA-80 (Walter RiemerMesstechnik, Germany). 
The parameterization scheme for SSA emission coupled in the WRF-Chem model according to 
the Gong (2003) scheme (GO03). GO03 was developed based on the semi-empirical formulation 
(Monahan et al., 1986) and field measurements (O’Dowd et al., 1997), including two drop types 
produced by bursting bubbles (jet drop and film drop). The SSA flux from the ocean to the 
atmosphere is described as a function of 10 m wind speed and particle radius. Because the 
Monahan et al. (1986) scheme strongly overestimated the measurements of O’Dowd et al. (1997), 
Gong (2003) introduced an adjustable parameter to improve the results. In order to quantify the 
influence of SSA on the nitrate particles formation in this study (second publication), sensitivity 
studies were implemented with only 5% of SSA emission (R-CASE) and compared with the full 
(100 %) SSA emission case (F-CASE).  
2.2 HOPE-Melpitz campaign 
The HOPE campaign was designed to provide a critical evaluation of model simulations and 
further to provide information about land-surface-atmospheric boundary layer exchange, 
microphysical properties, cloud and precipitation processes (Macke et al. 2016). The HOPE 
campaign was executed as a major 2-month field experiment in Jülich, Germany, performed in 
April and May 2013, followed by a smaller campaign in Melpitz (HOPE-Melpitz campaign), 
Germany in September 2013. The Melpitz site is the TROPOS (Leibniz Institute for 
Tropospheric Research) research station for the continuous physical and chemical in-situ aerosol 
particle characterization of the regional background of central Europe (Spindler et al., 2010, 
2012; Poulain et al., 2011; Brüggemann and Spindler, 1999; Birmili et al., 2001). The 
topography around Melpitz is rather flat over an area of several hundred square kilometers, 
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ranging 100-250 m a.s.l. Melpitz is part of the EMEP and provides a comprehensive set of in-
situ observed chemical, microphysical and optical aerosol properties. In the present thesis, the 
measurements of particle number size distribution (PNSD), particle compositions and 
meteorological conditions from the HOPE-Melpitz campaign were used. 
The instruments that measure aerosol particle microphysical properties were operated under dry 
condition, as recommended by WMO-GAW (World Meteorological Organization – Global 
Atmospheric Watch) and ACTRIS (Aerosols, Clouds, and Trace gases Research 
InfrastraStructure Network; Wiedensohler et al., 2012). A Dual Mobility Particle Size 
Spectrometer (TROPOS-type dual-SMPS, Birmili et al., 1999) combined with an Aerodynamic 
Particle Size Spectrometer (TSI APS Model 3321) were employed to measure the PNSD ranging 
from 5 nm to 10 μm in diameter. Detailed information is given by Heintzenberg et al. (1998). A 
Multi-angle Absorption Photometers (MAAP Model 5012, Thermo, Inc., Waltham, MA USA) 
were employed to determine the particle light absorption coefficient for dry particles (Birmili et 
al., 2016). The MAAP were measured with a 10 μm cut-off inlet, and the corrected mass 
absorption cross-section (MAC = 5 m2/g) was used to derive the BC mass concentration at 
Melpitz (Genberg et al., 2013). The PNSD and BC mass concentration are made publicly 
available within the framework of the German Ultrafine Aerosol Network (GUAN; Birmili et al., 
2016), which will be detailed described in the following section. 
For chemical properties of particles, a Monitor for AeRosols and Gases in ambient Air 
(MARGA) system (Schaap et al., 2011; Thomas et al., 2009; ten Brink et al., 2007) continuously 
monitoring particle and gases in ambient air (Metrohm Applikon, Schiedam, The Netherlands), 
was operated downstream of a PM10 inlet. This instrument provided 1-hour data of secondary 
inorganic aerosols (NH4
+, NO3
-, SO4
2-, Cl-, Ca2+, Mg2+ and K+) and gaseous counterparts (NH3, 
HNO3, HNO2, SO2, HCl). A high volume samplers DIGITEL DHA-80 (Walter 
RiemerMesstechnik, Germany), with sampling flow of about 30 m3h−1, were used to collect 24-
hour PM10 and PM1 filter samples simultaneously (Spindler et al., 2013).  
The near-ground meteorological variables (temperature, relative humidity, wind speed and 
direction) were simultaneously measured. Additional radiosounding measurements were 
performed at Melpitz on the days September 11–14th, 17th and 19th, 2013. 
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2.3 GUAN network over Germany 
GUAN is a cooperative observation network over Germany, aiming to improve the scientific 
understanding of aerosol related effects in the troposphere (Birmili et al., 2016). The core 
activity of GUAN is to continuous collect the tropospheric BC mass concentrations and PNSD at 
17 observation sites in Germany (Fig. 5). These sites cover various environmental settings 
including rural background, urban background, urban traffic and Alpine mountains. The 
measurements at Melpitz, Leipzig-TROPOS, Bösel, Hohenpeißenberg and Zugspitze were 
adopted to validate the model results in the present thesis, more details given in my first and 
second publications. The quality of the measurement data is assured by laboratory inter-
comparisons as well as on-site comparisons with reference instruments. All data can be obtained 
online through the GUAN database (https://doi.org/10.5072/guan). More information about 
GUAN is given in Birmili et al. (2016). 
 
Figure 5. Observation sites of the GUAN network. Source: Birmili et al. (2016) 
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2.4 Other datasets 
In addition to the measurements of the HOPE-Melpitz campaign and the GUAN network, other 
open accessed datasets over Europe were also used in the present thesis. The radiosounding for 
the stations all-over Europe (http://www.weather.uwyo.edu/upperair/sounding.html) were used 
for evaluating the modelled vertical structure of the atmosphere. The 24-hour filter-based 
measurements with PM10 inlets (EMEP, 2014) at 3 coastal EMEP station (Bilthoven, Vredepeel, 
and Kollumerwaad, http://ebas.nilu.no/) were used to validate the modelled sea salt mass 
concentration. The AErosol RObotic NETwork (AERONET) dataset over Europe was utilized to 
validate the modelled AOD. The AERONET AOD was derived from sun photometer 
measurements of the direct (collimated) solar radiation. The level 2.0 AOD data, with pre and 
post field calibrated, automatically cloud cleared and manually inspected, were used in this study. 
The AOD at 500 nm wavelength and the Angstrom index are directly available in AERONET 
dataset, and AOD at 550 nm wavelength was derived. More detailed information is given in 
http://aeronet.gsfc.nasa.gov/. 
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3. Results and Discussion 
 
3.1 First publication 
 
3.1.1 Evaluation of the size segregation of elemental carbon (EC) emission in Europe: 
influence on the simulation of EC long-range transportation 
 
The content of this chapter has already been published in the manuscript “Evaluation of the size 
segregation of elemental carbon (EC) emission in Europe: influence on the simulation of EC 
long-range transportation” by Ying Chen, Yafang Cheng, Stephan Nordmann, Wolfram Birmili, 
Hugo A. C. Denier van der Gon, Nan Ma, Ralf Wolke, Birgit Wehner, Jia Sun, Gerald Spindler, 
Qing Mu, Ulrich Pöschl, Hang Su, and Alfred Wiedensohler in the journal “Atmospheric 
Chemistry and Physics” in 2016, in Volume 16, pages 1823–1835, doi: 10.5194/acp-16-1823-
2016. 
 
 
Reprinted with permission by the authors from Atmospheric Chemistry and Physics, 2016, 16, 
1823–1835, doi: 10.5194/acp-16-1823-2016. 
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3.2 Second publication 
 
3.2.1 Sea salt emission, transport and influence on size-segregated nitrate simulation: a 
case study in northwestern Europe by WRF-Chem 
 
The content of this chapter has already been published in the manuscript “Sea salt emission, 
transport and influence on size-segregated nitrate simulation: a case study in northwestern 
Europe by WRF-Chem” by Ying Chen, Yafang Cheng, Nan Ma, Ralf Wolke, Stephan 
Nordmann, Stephanie Schüttauf, Liang Ran, Birgit Wehner, Wolfram Birmili, Hugo A. C. 
Denier van der Gon, Qing Mu, Stefan Barthel, Gerald Spindler, Bastian Stieger, Konrad Müller, 
Guang-Jie Zheng, Ulrich Pöschl, Hang Su, and Alfred Wiedensohler in the journal “Atmospheric 
Chemistry and Physics” in 2016, in Volume 16, pages 12081-12097, doi: 10.5194/acp-16-
12081-2016. 
 
 
Reprinted with permission by the authors from Atmospheric Chemistry and Physics, 2016, 16, 
12081-12097, doi: 10.5194/acp-16-12081-2016. 
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Figure S1. Global NO2 tropospheric column concentration in September 2013 from OMI satellite. 
Source: http://www.temis.nl/airpollution/no2col/, last access: November 04th, 2015 
 
  
 
 
Table S1. Comparisons for meteorological variables between Melpitz radio-sounding measurements 
and WRF-Chem model results 
 Slope R 
Potential Temperature 0.99 0.99 
Wind Speed 0.90 0.96 
Wind Direction 1.02 0.84 
Water Vapor Mixing Ratio 0.81 0.92 
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4. Summary and Conclusions 
The overall goal of the present thesis is to figure out the reasons for gaps between the simulated 
and measured particle number/mass size distribution (PSD). This would help to improve the PSD 
simulation of different particle compositions in modelling studies, and therefore to refine the 
assessments of climate change. Simulations with a state-of-the-art fully online-coupled model 
WRF-Chem were performed during the HOPE-Melpitz campaign (September 10-20th, 2013). 
The modelled PSD is described by a sectional approach (MOSAIC) with eight isogradient (in 
logarithmic scale) discrete size bins (from about 39 nm to 10 μm) of dry particles. Extensive 
measurements of microphysical and chemical properties of size-resolved particles, gaseous 
pollutants mass concentration, and meteorological conditions, were performed at Melpitz during 
the campaign. I validated the PSD simulations of the most important absorbing (elemental 
carbon, EC) and scattering (nitrate) anthropogenic particles at the central Europe background site 
Melpitz. Although the meteorological conditions were well captured by the model, WRF-Chem 
significantly overestimated the coarse mode mass/number concentration of particles. This is 
mainly due to the overestimation of EC, sea salt aerosol (SSA) and nitrate. The main results 
referring to the addressed scientific questions/objectives are summarized as followed: 
 
Q1: Is the size distribution/segregation of EC (absorbing aerosol) well represented by the 
WRF-Chem model over Europe? What are the reasons for the uncertainties? (First 
publication) 
In my first published study (Chen et al., 2016a), the EUCAARI inventory of anthropogenic EC 
emission over Europe was evaluated, not only for the emission rate but also for the size 
segregation of EC emission. The coarse mode EC (ECc) emission fraction was substantially 
overestimated in Eastern Europe (e.g., Poland, Belarus etc.) and Russia by the EUCAARI 
inventory, with about 10–30% for Russia and 5–10% for the Eastern European countries. A 
concept model and a case study were designed to interpret the influence of this overestimation 
on EC long-range transport. Due to the overestimation of ECc emission fraction, The EC mass 
transported from Moskva to Melpitz would decrease by about 25–35% of the ECc mass 
concentration, and decrease by about 25–55% from Warsaw to Melpitz (Fig. 6). Since coarse 
mode particles have a shorter lifetime, they have less opportunity to be transported long-range 
and accumulated in the atmosphere. The March–April 2009 case (Nordmann et al., 2014) was re-
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simulated with adjusted ECc emission fraction in Eastern Europe, in order to validate the 
influence on EC transport. The result showed that the overestimation of ECc emission fraction in 
Eastern Europe may partly (~20-40%) explain the underestimation of EC in Germany when the 
air masses came from eastern direction in previous studies (Nordmann et al., 2014; Stern et al., 
2008; Genberg et al., 2013). This result has a very significant scientific meaning, since it would 
help us to better understand the climate effect of the EC particle. Will the health and climatic 
effects of atmospheric EC particles be local, regional or global? This is to some extent 
determined by the transport of EC, which is largely influenced by its PSD. The PSD of EC 
should be carefully considered in the model validation and climate change evaluation studies. 
Unfortunately, the PSD information is not included in most of the current global EC emission 
inventories, and the PSD in EUCAARI only covers Europe and still has a high uncertainty. 
Furthermore, the point sources of EC emission over Germany were also evaluated in my first 
publication. The comparisons of EC mass concentrations at the Melpitz, Leipzig-TROPOS and 
Bösel sites indicate that the EC point sources may be overestimated by factors of 2–10 with more 
than 60-90% of ECc. This also led to the overestimation of PSD in coarse mode when the EC 
plume hit Melpitz. The overestimation of EC point sources would give significant uncertainties 
in high resolution modelling studies.   
 
Figure 6. Aerosol mass residential rate in relation to the transport time and lifetime. Source: 
Chen et al. (2016a).   
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Q2: Is the chemical pathway of nitrate (scattering aerosol) well represented by the WRF-
Chem model over Europe? What are the main reasons for the uncertainties? (Second 
publication) 
In my second published study (Chen et al., 2016b), I evaluated the SSA emission in WRF-Chem 
and investigated its influence on nitrate particle mass size distribution. In addition to EC, the 
overestimation of PSD in coarse mode was also contributed by SSA and nitrate. SSA mass 
concentrations were evaluated at four ground-based EMEP stations, including one continental 
inland station (Melpitz) and three coastal stations (Bilthoven, Kollumerwaard and Vredepeel). 
The day-to-day variations of SSA mass concentrations were well captured by the model despite 
an overestimation of SSA concentrations by factors of 8–20 due to the shortcoming of the WRF-
Chem SSA emission scheme (Gong, 2003). In addition to the wind speed at 10 m above the 
ground, more parameters, such as sea surface temperature, salinity and wave data, might be 
needed for consideration in the SSA emission scheme to reduce its overestimation. The 
overestimation of SSA emissions did not only influence the release of primary SSA itself but 
also led to a significant overprediction of the coarse mode sodium nitrate (Fig. 7). Since most 
SSA is emitted as coarse particles, nitrate partitioning fraction of coarse mode was overestimated 
by ~20% when the SSA mass concentration was highly overestimated at Melpitz. This 
contributed to an overprediction of the coarse mode nitrate by around 140 %. 
 
Q3: How can natural source particles (sea salt) influence the simulated anthropogenic 
nitrate particle mass size distribution? How wide can the influence of sea salt on nitrate 
particle mass size distribution be spread over Europe?  (Second publication) 
Moreover, I investigated the influence of SSA on the simulated nitrate particle mass size 
distribution in my second publication. Nitrate can be “locked” in the particulate phase as the 
thermodynamically stable sodium nitrate, which is produced from the heterogeneous reaction of 
nitric acid on the surface of SSA. Although the nitrate partitioning fraction in coarse mode was 
overpredicted due to the overestimation of SSA, the nitrate partitioning fraction in fine mode 
was insensitive to the SSA emission. However, the increased consumption of the nitric acid, 
caused by the coarse mode nitrate formation on the surface of SSA, inhibited the fine mode 
ammonium nitrate formation (Fig. 7). The facilitation of coarse mode nitrate formation and 
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inhibition of fine mode nitrate formation can shift the nitrate particle mass size distribution 
towards larger sizes.  
Furthermore in my second publication, I demonstrated a mechanism that could transport SSA to 
the regions further inland, thus broadening its influence on the nitrate particle mass size 
distribution (Fig. 7). An “aloft bridge” between the marine planetary boundary layer (PBL) and 
the continental free troposphere can be formed over the coastal areas, due to the difference of 
nocturnal PBL structure between continental and marine regions. SSA can be mixed up by the 
marine PBL and injected into the continental free troposphere via the “aloft bridge”. Then it can 
more easily participate in the long-range transport, because the lifetime of particles can be about 
5 times longer in the free troposphere than in the PBL. Later, downdrafts and turbulence of the 
fully developed continental PBL would mix the lifted SSA downwards to the surface layer of 
inland regions (e.g., central Europe), where a remarkable amount of NOx and ammonium nitrate 
is present. 
 
 
Figure 7. Schematic of sea salt transportation and its influence on coarse mode nitrate 
formation and nitrate particle mass size distribution. Source: Chen et al. (2016b). 
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5. Outlook 
The present study has clearly demonstrated the need to further improve the simulation of PSD in 
models. The primary emissions and secondary formation processes are one of the most important 
contributors to the uncertainties of PSD simulations. 
The present thesis highlights the importance of size distribution of EC particles, which is the 
most important absorbing particle. However, our understanding of EC size distribution is still 
limited. More measurements (e.g., online analysis by the Single Particle Soot Photometer (SP2), 
offline analysis of Berner/MOUDI samples, etc.) and long-term modelling studies are needed to 
further improve the PSD information of EC emission inventories. The size distribution of EC 
particles would influence its transport and optical properties, which is important for the 
assessment of EC climate effects, especially for the remote regions (e.g., Arctic and Himalayas).  
For the scattering agent particulate nitrate: sea salt can alter the nitrate particle mass size 
distribution, which is crucial for nitrate optical properties thus for its direct radiative forcing. The 
change of nitrate particle mass size distribution can also influence the deposition processes of 
particulate nitrate, thus influencing the nitrogen cycle which is important for atmospheric 
chemistry. Furthermore, what is the influence on cloud formation and indirect radiative forcing 
due to the change of nitrate particle mass size distribution? This is also an interesting scientific 
question for future studies, although lots of laboratory and modelling studies are needed.  
Moreover, this study also highlighted that the natural source coarse particles may have an impact 
on the PSD of anthropogenic source particles, via multi-phase chemistry. Many previous studies 
found that mineral dust can promote sulfate formation due to the heterogeneous reaction of SO2 
on its surface (e.g., Dentener et al., 1996; Harris et al., 2012 and 2013). Similar to sea salt and 
nitrate, this process can consume sulfuric acid which is the precursor of fine mode sulfate. 
Therefore, the sulfate particle mass size distribution may also be influenced by mineral dust. 
What is the influence of mineral dust on the cycle, transport and radiative forcing of 
anthropogenic sulfate? This could also be a very interesting question with remarkable scientific 
meanings.     
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Appendix A 
A.1 Authors contribution to the two publications 
 
First publication: Evaluation of the size segregation of elemental carbon (EC) 
emission in Europe: influence on the simulation of EC long-range 
transportation 
In this publication, I conceived the study, performed the model simulations, conducted the data 
analysis and draft the manuscript with inputs from all co-authors. All co-authors discussed the 
results. Furthermore, Yafang Cheng carried out the main corrections of this publication and 
helped to prepare the emission inventory. Stephan Nordmann provided the data of 2009 case 
which was analyzed in this study. Wolfram Birmili improved the manuscript and provided the 
GUAN data used in this study. Hugo A. C. Denier van der Gon provided the emission inventory 
for the simulation. Nan Ma, Ralf Wolke, Birgit Wehner, Jia Sun, Gerald Spindler, Qing Mu, 
Ulrich Pöschl, Hang Su, and Alfred Wiedensohler made useful suggestions for the manuscript 
and the project. 
Second publication: Sea salt emission, transport and influence on size-
segregated nitrate simulation: a case study in northwestern Europe by WRF-
Chem 
In this publication, I conceived the study, performed the model simulations, conducted the data 
analysis and draft the manuscript with inputs from all co-authors. All co-authors discussed the 
results and provided useful suggestions. Furthermore, Yafang Cheng carried out the main 
corrections of this publication and helped to prepare the emission inventory. Hugo A. C. Denier 
van der Gon provided the emission inventory for the simulation. Gerald Spindler and Konrad 
Müller provided the DIGITEL filter chemical measurements at Melpitz. Bastian Stieger provided 
the MARGA measurements at Melpitz. Alfred Wiedensohler made useful suggestions for this 
project and the manuscript.  
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1.  MOTIVATION 
Atmospheric aerosol particles play an important role in global climate, via direct radiative 
forcing (DRF, light scattering and absorption) and indirect radiative forcing (IRF, participating 
in cloud processes). The radiative forcing of aerosols still has the highest uncertainty among all 
climate change agents according to the recent IPCC assessment (IPCC AR5, 2013). The particle 
number/mass size distribution (PSD) is a key parameter that determines both the direct and 
indirect radiative forcing of aerosol (IPCC AR5, 2013). However, the simulation of PSD in 3-D 
models is very challenging and still highly uncertain (Aquila et al., 2011). Within all 
anthropogenic aerosol chemical compounds, elemental carbon (EC) and nitrate play an important 
role in climate warming and cooling over Europe, respectively (IPCC AR5, 2013). EC is the 
second strongest contributor to current global warming (Bond et al., 2007). Many previous 
studies (e.g., Nordmann et al., 2014) evaluated the EC inventories over Europe and reported 
significant uncertainties. However, they mainly focused on the bulk EC concentration and did 
not pay enough attention to evaluate the PSD of EC particles, which is important for the lifetime, 
transport and optical properties of EC particles. More modelling studies are needed to improve 
the PSD simulation of EC, thus refining the assessments of EC climate effects. Nitrate is an 
important anthropogenic scattering aerosol component, especially in western and central Europe 
(Schaap et al., 2011), where nitrate is mainly presented in the form of fine mode semi-volatile 
NH4NO3. The natural source sea salt may also play an important role in the coarse mode nitrate 
formation, due to the heterogeneous reaction of HNO3. Thermodynamically stable NaNO3 is 
formed in the coarse mode with a consumption of HNO3. This may influence the gas-particle 
equilibrium of fine mode NH4NO3 and is expected to change the PSD of nitrate.  
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2.  OBJECTIVES 
Accordingly, the scientific questions of the present thesis are the following (Fig. 1):  
Q1: Is the size distribution/segregation of EC (absorbing aerosol) well represented by the WRF-
Chem model over Europe? What are the reasons for the uncertainties? 
Q2: Is the chemical pathway of nitrate (scattering aerosol) well represented by the WRF-Chem 
model over Europe? What are the main reasons for the uncertainties? 
Q3: How can natural source particles (sea salt) influence the simulated anthropogenic nitrate 
particle mass size distribution/segregation? How wide can the influence of sea salt on 
nitrate particle mass size distribution (PMSD) be spread over Europe?   
 
3. RESULTS AND CONCLUSIONS 
Summarizing the results of this thesis, the answers to the above questions are the following: 
The EC mass concentrations were highly overestimated by WRF-Chem at Melpitz, especially for 
the coarse mode. The uncertainties mainly stem from its emission inventory (EUCAARI), 
including the emission rate and the size-segregation. The inventory allocates too much EC 
emission in coarse mode over Eastern Europe and Russia. This can significantly reduce the 
lifetime of EC particles (Fig. 1). Hence, the simulated transport of EC with eastern originated air 
masses to Germany was reduced accordingly (First publication).  
The particulate nitrate mass concentrations were highly overestimated by WRF-Chem as coarse 
mode NaNO3 at Melpitz. This was caused by the overestimation of coarse mode sea salt mass 
concentration, which is due to the shortcoming of its emission scheme. The overestimation of sea 
salt promoted the NaNO3 formation via heterogeneous reaction with HNO3 (Fig. 1), leading to 
the overprediction of coarse mode nitrate (Second publication).  
As illustrated in Fig. 1, the overestimated natural source sea salt facilitated the coarse mode 
NaNO3 formation with a consumption of HNO3. This can push the gas-particle equilibrium of 
fine mode NH4NO3 lean to the gas-phase HNO3. Eventually, the sea salt shifted the modelled 
nitrate PMSD towards larger sizes. A transport mechanism, derived from the planetary boundary 
layer structure, can broaden the influence of sea salt on the nitrate PMSD to central Europe, 
where a considerable amount of NOx and NH4NO3 is present (Second publication).  
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Figure 1. Schematic diagram of scientific objectives of the present thesis.  
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